mol), indicating that the dimers suffered large structural changes upon dissociation to monomers independent of the Met80 coordination to the heme iron. These results indicate that cyt c domain swapping may occur regardless of the Met80 coordination, whereas the monomer is stabilized by Met80 but the domain-swapped dimer structure and stability are less affected by the Met80 coordination.
Introduction
Cytochrome (cyt) c is a heme protein that shuttles electrons from the cytochrome bc 1 complex to cytochrome c oxidase in mitochondria. Cyt c also plays a key role in apoptosis, where it is released to the cytosol when permeabilization of the mitochondrial outer membrane occurs [1, 2] . Cyt c contains three long α-helices, and its heme is bound to the polypeptide chain by covalent bonds with two cysteine residues thorough their sulfur atoms. Histidine (His18) and methionine (Met80) are coordinated to the heme iron of cyt c in its native state [3, 4] , whereas its coordination structure has been shown to change under different conditions [5] [6] [7] . When cyt c interacts strongly with cardiolipins in the membrane, interactions between the N-and C-termini are apparently broken with Met80 dissociated from the heme iron [8] . Cyt c also triggers apoptosis by an increase in peroxidase activity upon interaction with cardiolipin [9] . The peroxidase activity enhancement of cyt c by the interaction with cardiolipin has been attributed to the dissociation of Met80 from the heme ion [10] . The Met80 heme ligand has been shown to swing out of the heme crevice and be replaced by a water molecule in the crystal structure of the trimethyllysine 72-to-alanine mutant of iso-1-cyt c, enhancing peroxidase activity compared to the wild-type (WT) protein [11] . Met80 of cyt c has also been shown to dissociate from the heme iron at alkaline pH, and instead, Lys72, Lys73, or Lys79 coordinates to the heme iron [12] [13] [14] [15] .
We have previously shown that horse cyt c forms polymers by successive domain swapping [16] . Domain swapping is a phenomenon where one molecule exchanges its domain or secondary structural element with another molecule [17] [18] [19] [20] . From our results, in the crystal structure of dimeric horse cyt c (Fig. 1) , as well as that of trimeric horse cyt c, the C-terminal helices were replaced by the corresponding domains of other cyt c molecules. The Met80-heme bond was perturbed significantly and the peroxidase activity increased for dimeric horse cyt c compared to its monomer [16, 21] . Residual absorbance was observed at ~695 nm in the absorption spectrum of domain-swapped dimeric horse cyt c, indicating conformation flexibility that permits stabilization of the dimer via the Met80-heme bond [16] . Cyt c was found to domain swap by treatment with ethanol [16] , whereas it was also shown to domain swap when refolding from its guanidinium ion-induced unfolded state [22] . The hydrophobic interaction between the N-and C-terminal α-helices at the early stage of folding was shown to be important for the domain swapping [22] . A certain amount of cyt c molecules interacted as oligomers in its molten globule state, whereas the domainswapped dimer of cyt c was obtained by refolding from its molten globule state [23] .
Many other c-type cyts have been shown to domain swap [24] [25] [26] [27] [28] . For example, Pseudomonas aeruginosa (PA) cyt c 551 exhibits a folding structure similar with mammalian cyt c, but is smaller (82 amino acids) than mammalian cyt c, while horse and human cyt c have the same amino acid length (104 amino acids) and a relatively large similarity in amino acid sequence (Table S1 ). In PA cyt c 551 , His16 and Met61 are coordinated to the heme iron [29] . PA cyt c 551 exchanges the region containing the N-terminal α-helix and heme between molecules for its dominant domain-swapped dimer instead of exchanging the C-terminal region between molecules [25] . In dimeric PA cyt c 551 , Met61 is coordinated to the heme iron, but the coordinating Met originates from the other protomer to which the heme belongs. Concerning the domain swapping ability, the secondary structures have been shown to be perturbed by mutating the heme-coordinating Met to Ala (M61A), and the oligomerization ability by domain swapping decreased significantly for PA M61A cyt c 551 compared to that of the WT protein, where the decrease in domain swapping ability was attributed to the perturbation in the secondary structures by the removal of Met61 [25] . However, the major swapping regions between cyt c and PA cyt c 551 are different, and the effect of Met80 heme coordination on cyt c domain swapping remains unclear, whereas Met80 dissociation from the heme iron is believed to strongly affect the cyt c release to cytosol and the initiation of apoptosis. Additionally, the replacement of heme-coordinating Met69 with Ala for Thermus thermophiles cyt c 552 , a thermostable c-type cyt, has been shown to affect its tertiary structure but has almost no effect on the secondary structures [30] . In this study, we replaced Met80 with Ala (M80A) in oxidized (ferric) human cyt c, and elucidated the effect of Met80 coordination on domain swapping by investigating the formation and stability of oligomers.
Materials and methods

Protein expression and purification
Amino acid substitution of Met80 was performed by PCRbased in vitro mutagenesis of the original plasmid vector using M80A-F and M80A-R primers (Table S2 ). Mutated DNA was purified using the KOD-Plus-Mutagenesis kit (Toyobo). DNA sequencing was carried out with the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Inc., Foster City, CA, USA) and an ABI 3100 Avant generic analyzer (Applied Biosystems, Inc.). Recombinant WT and M80A cyt c were overexpressed using E. coli Rosetta 2(DE3) pLysS cells (Novagen). Purification of WT and M80A human cyt c were performed according to the methods described elsewhere [13, 31] . The masses of WT and M80A cyt c were checked by MALDI-TOF mass measurements with an Autoflex II mass spectrometer (Bruker Daltonics) using sinapinic acid as a matrix in a linear mode.
Preparation of oligomers
WT and M80A human cyt c oligomers were prepared by the reported method except for an addition of 65% (v/v) ethanol [16] . The cyt c solution was centrifuged, and the obtained precipitate was subsequently lyophilized. The lyophilized precipitate was redissolved in 10 mL of 50 mM potassium phosphate buffer, pH 7.0. After incubation of the obtained cyt c solution at 37 °C for 40 min, the solution was filtrated, and dimeric cyt c was purified by gel filtration chromatography (HiLoad 26/60 Superdex 75, GE Healthcare) several times using a fast protein liquid chromatography (FPLC) system (BioLogic DuoFlow 10, Bio-Rad, CA, USA) with 50 mM potassium phosphate buffer, pH 7.0, at 4 °C. The purified cyt c dimers were used immediately after purification.
The oxidized WT and M80A human cyt c solutions were analyzed by size exclusion chromatography (SEC; column: Superdex 75 30/100 GL, GE healthcare) using the FPLC system (BioLogic DuoFlow 10, Bio-Rad) with 50 mM potassium phosphate buffer, pH 7.0, at 4 °C. The peak areas in the elution curves of the size exclusion chromatograms were obtained by least-square fitting the peaks with Gaussian curves using the software, Igor Pro 6.0 (WaveMetrics, Portland). The stabilities of oxidized dimeric WT and M80A cyt c were investigated by incubation of the purified dimers (heme, 50 μM) in 50 mM potassium phosphate buffer, pH 7.0, containing 500 μM ferricyanide at 52-60 °C.
Optical absorption and circular dichroism measurements
Optical absorption spectra of oxidized WT and M80A human cyt c were measured with a UV-2450 spectrophotometer (Shimadzu) using a 1-cm path length quartz cell at 25 °C. The extinction coefficients of oxidized monomeric and dimeric M80A cyt c were determined with the pyridine hemochrome method [32] . The pH titration of oxidized M80A cyt c was performed from pH 8.74 to 2.75 by a continuous addition of a small amount of 1.0 M HCl to cyt c in 50 mM potassium phosphate. The dilution of cyt c solution with 1.0 M HCl was less than 6% at the final point (pH 2.75), and the intensity of each absorption spectrum was calibrated according to its cyt c concentration change by the dilution. Absorbance at 398.5 nm (isosbestic point between His/H 2 O 6-coordinate and His 5-coordinate species; pKa = 3.8 [33] ) was plotted against pH, and the pKa value was determined by least-square fitting the data to the Henderson-Hasselbalch equation using the software, Igor Pro 6.0.
Circular dichroism (CD) spectra of oxidized WT and M80A cyt c were measured with a J-725 CD spectropolarimeter (Jasco, Japan) using a 0.1-cm path length quartz cell at room temperature.
Differential scanning calorimetric measurements
Differential scanning calorimetry (DSC) thermograms of oxidized WT and M80A human cyt c (heme, 100 µM) in their monomeric and dimeric forms were measured using VP-DSC (MicroCal, GE Healthcare) at a scan rate of 1 °C/min in 50 mM potassium phosphate buffer, pH 7.0.
Kinetic analysis
After incubation of purified dimeric WT cyt c or dimeric M80A cyt c in 50 mM sodium phosphate buffer, pH 7.0, for various times at 52, 55, 58, and 60 °C, the monomer and dimer amounts were analyzed by SEC (column: Superdex 75 30/100 GL, GE healthcare; monitoring wavelength, 410 nm) using a FPLC system (BioLogic DuoFlow 10, Bio-Rad) with the same buffer at 4 °C. The peak areas of the monomer and dimer in the elution curves of the chromatograms were obtained by least-square fitting the peaks with Gaussian curves using Igor Pro 6.0. The dimer amount was plotted against incubation time at each temperature, and the rate constant (k) was obtained by least-square fitting the data with an exponential curve using Igor Pro 6.0.
Results
Oligomerization
WT and M80A cyt c in 50 mM potassium phosphate buffer, pH 7.0, were treated with 65% (v/v) ethanol, lyophilized, and dissolved in the same buffer. The Fe-Met80 bond is apparently broken by an addition of ethanol [34] , although the precise effect of ethanol on cyt c domain swapping is still unclear. By analyzing the ethanol-treated cyt c with SEC, several peaks were detected in the chromatograms (Fig. 2) . Monomeric and dimeric cyt c peaks were observed at about 12.8 and 11.4 mL, respectively, in the elution curves. In addition to these peaks, higher order oligomers were detected up to the exclusion limit (MW, 100,000) of the column. A similar amount of high-order oligomers has been observed by successive domain swapping of horse cyt c on ethanol treatment [16] , whereas only small amounts of high order oligomers have been detected for PA cyt c 551 [25] and Hydrogenobacter thermophilus (HT) cyt c 522 [24] . The C-terminal region is swapped in horse cyt c [16] , whereas the N-terminal region is mainly swapped in PA cyt c 551 [25] and HT cyt c 552 [24] . High order oligomers have been generated by treatment with ethanol for horse cyt c, owing to the long flexible hinge loop (Thr78-Ala83) [16] . These results indicate that human cyt c domain swapped the C-terminal region successively by treatment with ethanol, similar to the case of horse cyt c domain swapping.
Absorption spectra
The Soret band of oxidized WT human cyt c blue-shifted from 410 to 407 nm by the dimerization (Fig. 3a) , similar to the shift observed in the optical absorption spectra of oxidized horse cyt c by its dimerization [16] . The extinction coefficient of oxidized monomeric WT human cyt c was determined as 9.93 × 10 4 M −1 cm −1 at 410 nm and that of the dimer as 1.14 × 10 5 M −1 cm −1 at 407 nm by the pyridine hemochrome method [32] . The 695-nm absorption band of cyt c has been commonly used for assessments of conformational transitions in cyt c associated with the disruption of the Fe-Met80 bond. The intensity of the 695-nm band was decreased by the dimerization of oxidized WT human cyt c, suggesting that the Fe-Met80 bond was disrupted in the dimer. The Soret band of dimeric WT human cyt c was observed at 406 nm with another absorption band at ~529 nm and a shoulder peak at ~562 nm, where similar bands have been observed in the spectrum of dimeric horse cyt c [16] . These spectral properties resemble those of the hydroxide-bound form of Met-depleted cyt c [35, 36] , indicating that Met80 was dissociated from the heme and a hydroxide ion was bound to the heme for dimeric WT human cyt c.
For oxidized M80A human cyt c, the Soret band was observed at 406 nm in the monomer spectrum and shifted to 404 nm in the dimer spectrum, and the 695-nm band was missing in the monomer and dimer spectra due to the lack of Met80 (Fig. 3b) . The extinction coefficients of oxidized monomeric and dimeric M80A human cyt c were determined to be 1.14 × 10 5 (at 406 nm) and 1.27 × 10 5 M −1 cm −1 (at 404 nm), respectively. External ligands have been shown to bind to the heme iron in heme-coordinating Met-depleted cyt c [37, 38] , as well as domain-swapped horse cyt c [39] . Since absorption band was observed at 625 nm in oxidized dimeric M80A human cyt c-indicative of a high-spin ferric heme-a water molecule may be bound to the heme iron in the M80A cyt c dimer [35, 36, 40] . The pKa value for water/hydroxide ion coordination to the heme in oxidized monomeric M80A human cyt c was obtained as 6.3 ± 0.2 (Fig. S1 ), which was slightly higher than that reported for M80A iso-1 cyt c (pKa = 5.62) [36] . The pKa value of M80A human cyt c indicates that a hydroxide ion is mainly coordinated to the heme iron at neutral pH. However, a water molecule may be coordinated to the heme iron in its dimer, due to the widening of the heme site in the domain-swapped dimer.
CD spectra
The CD spectra of oxidized M80A human cyt c exhibited similar changes to those observed in the spectra of oxidized WT human cyt c upon dimerization. The intensity of the negative peak at 208 nm in the CD spectrum increased for the dimer compared to that of its monomer, concomitant with a decrease in intensity of the positive peak around 195 nm (Fig. 4) . These results indicate that M80A cyt c suffered a similar secondary structural change to WT cyt c on dimerization. Moreover, these changes were similar with the spectral changes previously observed for dimerization of horse cyt c [16] , strongly suggesting that human cyt c forms a dimer by the same mechanism as horse cyt c.
Differential scanning calorimetry measurements
The enthalpy changes (ΔH) of the dimer dissociation to monomers for oxidized WT and M80A human cyt c and their dissociation temperatures (T m ) were obtained by DSC measurements (Fig. 5) . The ΔH value for the dissociation of oxidized dimeric M80A cyt c to monomers increased to −14 ± 2 kcal/mol compared to that of oxidized dimeric WT cyt c (−30 kcal/mol). The T m of oxidized dimeric WT and M80A human cyt c were both obtained as 61.0 ± 0.5 °C, which is a similar value to the dissociation temperature of dimeric horse cyt c to monomers (58.0 °C) [16] . The ΔH value of oxidized dimeric human WT cyt c was obtained as −30 ± 2 kcal/mol, which was not largely different from that of oxidized dimeric horse cyt c (−40 ± 2 kcal/mol) [16] .
Kinetics of dimer dissociation
The k values at each temperature (52, 55, 58, and 60 °C) obtained for dimeric WT and M80A human cyt c are listed in Tables S3 and S4 . The activation enthalpy (ΔH ‡ ) and activation entropy (ΔS ‡ ) for the dissociation of oxidized dimeric human cyt c to monomers were obtained by the Eyring plot of ln(k/T) vs. the reciprocal of temperature (Fig. 6) . From the plot, the ΔH ‡ and ΔS ‡ for the dissociation of oxidized dimeric WT cyt c were obtained as 120 ± 10 kcal/mol and 310 ± 10 cal/(mol K), respectively, and those of oxidized dimeric M80A cyt c as 110 ± 10 kcal/mol and 290 ± 20 cal/(mol K), respectively. These values for WT and M80A cyt c were similar, indicating that Met80 does not have a large effect on the activation energy of dimer dissociation, although the monomer Fig. 3 Absorption spectra of oxidized a WT and b M80A human cyt c. Absorption spectra of monomeric (black) and dimeric (WT red; M80A blue) cyt c are shown. Expansion of fifty times for the absorption in the 650-800 nm regions is also shown. The y-axes represent the extinction coefficients. Measurement conditions: cyt c concentration: 10 μM (heme); buffer: 100 mM potassium phosphate buffer; pH: 7.0; temperature: 25 °C is stabilized at about ΔH = −16 kcal/mol by the Met80 coordination to the heme iron (Fig. 5) . It is noteworthy that the activation energy is relatively large, indicating that the protein suffers a large structural change upon dissociation of the dimer to monomers.
Discussion
The number of elucidated domain-swapped structures of proteins has been increasing [18] [19] [20] [41] [42] [43] , including heme proteins [16, 27, [44] [45] [46] [47] [48] . The active site structure with His and Met coordinated to the heme iron is apparently conserved after the dimerization for most of the c-type cyts, although the swapping regions are different (N-terminal regions for PA cyt c 551 [25] and HT cyt c 552 major dimer [24] ; C-terminal regions for HT cyt c 552 minor dimer [26] and Aquifex aeolicus cyt c 555 [28] ). However, Met80 dissociates from the heme iron for dimeric horse cyt c [16] , where the easier Met dissociation compared to other c-type cyts may be necessary for the increase in its peroxidase activity [21] and apoptosis initiation [9] . In this study, M80A cyt c domain swapped even though there was no Met for coordination to the heme iron, demonstrating that (Fig. 2b) . These results are consistent with the previously reported character that the hydrophobic interaction between the N-and C-terminal α-helices at the early stage of folding is important for cyt c domain swapping [22] .
The loop containing the heme-ligating Met is more mobile and less stable in horse cyt c compared to PA cyt c 551 [49, 50] . The Met-heme coordination of horse cyt c is disrupted at mild denaturing conditions [51] or alkaline pH [52] , whereas that of PA cyt c 551 is conserved until the protein is almost completely unfolded [53] . However, a certain amount of domain-swapped oligomers was detected in this study for the M80A mutant of human cyt c (Fig. 2) , but in the previous work, the oligomer amount decreased significantly for PA cyt c 551 by the Met61 mutation to Ala [25] . The secondary structures did not change significantly for cyt c by the Met80 mutation, whereas they have been shown to change for PA cyt c 551 by the Met61 mutation [25] . These results indicate that the stability of the protein secondary structures has a larger effect on domain swapping compared to the Met-heme bond stability against denaturing agents or pH. Although the monomer of human cyt c was destabilized by the removal of heme-coordinating Met80, oligomers were formed for the M80A mutant by treatment with ethanol ( Fig. 2) , presumably because cyt c unfolds when it forms domain-swapped oligomers [22] .
The ΔH values for the dissociation of oxidized dimers to monomers were −14 and −30 kcal/mol for oxidized dimeric M80A and WT cyt c, respectively (Fig. 5) . The increase of 16 kcal/mol in the ΔH value for dimeric M80A cyt c compared to dimeric WT cyt c may correspond to the Met dissociation from the heme iron in the monomer for M80A cyt c, since the ΔH value of met coordination to the heme iron has been estimated to be −18 kcal/mol [54] . These results indicate that coordination of Met80 to the heme iron has a certain effect on the stabilization of the monomer. However, the C-terminal α-helix may also have an effect on the stabilization of the monomer, since dimeric M80A cyt c exhibited a negative ΔH value of −14 kcal/mol by the dimer dissociation. The Thr78-Lys87 amino acids of the Ω loop including the hinge region (Thr78-Ala83) of horse cyt c form hydrogen bonds to the rest of the protein in a relatively broad region [16] . The hydrogen bonds at Lys72(Nζ)/Met80(O), Lys72(Nζ)/Phe82(O), Lys79(N)/Hem(O2D), and Lys79(Nζ)/ Thr47(O) (<3.2 Å between heavy atoms) are detected in the monomer but not in the dimer. All these residues are conserved between human and horse cyt c, except for the 47th amino acid, which is Thr47 and Ser47 for horse and human cyt c, respectively (Table S1 ). Formation of these hydrogen bonds may contribute to the negative ΔH value upon dissociation of dimeric cyt c to monomers.
In conclusion, this study indicates that Met80 stabilizes the monomer structure by Met80 coordination to the heme iron, whereas the domain-swapped dimer structure is not affected significantly by Met80. The activation enthalpy and activation entropy for dimer dissociation did not change significantly between WT and M80A cyt c, indicating that the domain-swapped dimer stability is less affected by the Met80 coordination. Protein secondary structure stability has been shown to be an important factor for domain swapping in cyt c. A proper understanding of the effect of Met-heme coordination on domain swapping in cyt c may not only elucidate its domain swapping character but also provide useful information for constructing artificial protein complexes by domain swapping. 
